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Introduction
In both human and animal studies, elevated levels of the gonadal steroid, testosterone, are associated with social dominance and indices of aggressive conduct, especially in situations of competitive challenge or contested status (Mazur and Booth, 1998; Archer et al., 2005; Archer, 2006) . It has been argued that, in part, these relationships reflect affective processes that promote dominance behavior and, abetted by vigilant attention to signals of potential challenge, may incline individuals to social aggression (van Honk et al., 2001) . Among healthy young adults, for instance, individuals with high basal levels of testosterone show heightened sensitivity, or attentional bias, to pictures portraying facial expressions of anger and are more likely than others to self-report tense or angry mood (van Honk et al., 1999; Wirth and Schultheiss, 2007) . In the canonical brain circuitry of emotional processing, the amygdala plays a key role in detecting stimuli of biological significance, including threat-related cues, and is readily engaged by facial displays of negative affect (Davis and Whalen, 2001) . Elevating testosterone by exogenous administration, moreover, enhances reactivity of the amygdala to presentations of angry (vs. happy) faces, as measured by blood oxygenation leveldependent (BOLD) functional magnetic resonance imaging (fMRI) (Hermans et al., 2008) . Also, the amygdala response to fearful or angry faces is reduced among middle-aged women in association with an age-related decline in androgen levels and, by acute administration of testosterone, may be increased to levels of amygdala activation seen in young women under the same task conditions (van Wingen et al., 2008) . Among healthy young men, moreover, amygdala responses to stimuli depicting similarly fearful and angry faces co-vary significantly with individual differences in serum testosterone concentrations (Derntl et al., 2009) .
Many of the biological actions of testosterone and other androgens are mediated by androgen receptors (ARs), which are expressed in diverse areas of the brain, including the amygdala (Rubinow and Schmidt, 1996) . When activated by androgens, ARs translocate to the cell nucleus, where they exert transcriptional control of androgen-dependent genes by binding to androgen response elements within gene regulatory sequences. In this way, androgens (like other steroid hormones) promote or repress the expression of genes specifying an array of cellular proteins (Mangelsdorf et al., 1995) . Transactivation of target genes by the AR, however, varies with relative expansion of a polyglutamine stretch in the N-terminal domain of the AR protein, as encoded by a trinucleotide (CAG) repeat polymorphism in exon 1 of the Xchromosome AR gene (Chamberlain et al., 1994; Zitzmann and Nieschlag, 2003) . In particular, transactivation potential of the AR appears to decline in graded relation to an increasing number of CAG repeats, which are distributed over a normative range of 11-37 and, in Caucasian populations, commonly average 21-22 repeats (Edwards et al., 1992; Tut et al., 1997; Platz et al., 2000) .
CAG length variation has been evaluated in association with numerous conditions affected by high or low androgenicity, including male infertility and male pattern baldness, prostate cancer, bone loss, adiposity and insulin resistance, vascular reactivity, and other cardiovascular disease risk factors (e.g., Stanford et al., 1997; Tut et al., 1997; Zmuda et al., 1997; Choong and Wilson, 1998; Hsing et al., 2000; Ellis et al., 2001; Mifsud et al., 2001; Van Pottelbergh et al., 2001; Wallerand et al., 2001; Zitzmann et al., 2001a Zitzmann et al., ,b, 2002 Zitzmann et al., , 2003a Van Golde et al., 2002; Walsh et al., 2005; Campbell et al., 2007; Lapauw et al., 2007) . Little is yet known with respect to behavioral phenotypes, although some evidence suggests a high number of CAG repeats may be associated with cognitive aging (Yaffe et al., 2003) and a low number of repeats with criminal violence, verbal aggressiveness and, in interaction with basal testosterone, depressive symptomatology (Jonsson et al., 2001; Seidman et al., 2001; Cheng et al., 2006; Rajender et al., 2008) . To the extent that variation in testosterone, either as individual differences or experimentally manipulated, modulate amygdala responses to affective stimuli, it is possible that such responses also vary along a gradient AR sensitivity, such as that encoded by the CAG length polymorphism of the AR gene.
The purpose of the present study was to determine if amygdala reactivity to threat-related facial expressions can be predicted, in part, by interindividual variation in endogenous (salivary) testosterone and by alleles of the AR CAG repeat polymorphism in a nonpatient sample of middle-aged men. Due to structural and functional heterogeneity of amygdala nuclei implicated in the processing of threatrelated cues (LeDoux, 1996; Kim et al., 2003; Whalen, 2007) , we independently examined the ventral and dorsal amygdala, which encompass the amygdala's principal input and output regions, respectively. This approach is further suggested by regional differences in the expression of steroid hormones (e.g., the distribution of AR and estrogen receptors and level of aromatase activity) and in related neuromodulatory receptor systems across the amygdala's subnuclei (e.g., Simerly et al., 1990; Perez et al., 2003; Perlman et al., 2004; Huber et al., 2005) .
Method

Subjects
Salivary testosterone, genetic, and fMRI data were available on 41 European American men (mean age, 45.6 years AE6.7 SD; range: 34-54 years). Participants were recruited from a parent study, the Adult Health and Behavior (AHAB) project, which measured diverse behavioral and biological traits among mid-life community volunteers. All subjects provided informed consent in accord with guidelines of the University of Pittsburgh Institutional Review Board. Participants were in good general health and free of the following study exclusions: (1) diagnosed cancer, stroke, diabetes, chronic kidney or liver disease, or lifetime history of psychotic symptoms; (2) use of psychotropic, glucocorticoid, or cardiovascular (antihypertensive, antiarrythmic) medications; (3) conditions affecting cerebral blood flow and metabolism (e.g., hypertension); and (4) any current DSM IV Axis I disorder, as determined by the Structured Clinical Interview for DSM-IV (SCID), non-patient edition (First et al., 1996) . Blood sampling for genetic analysis and collection of saliva to determine salivary testosterone level were conducted at AHAB testing sessions preceding subjects' enrollment in the neuroimaging protocol.
Genotyping
Genomic DNA was isolated from peripheral white blood cells using the PureGene kit (Gentra Systems, Minneaopolis, MN). The AR CAG(n) repeat was typed by polymerase chain reaction amplification of genomic DNA in the presence of a VIC labeled forward primer, ARF: 5 0 -TCCAGAATCTGTTCCA-GAGCGTGC-3 0 . Fragments were resolved on an ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA) and analyzed using GenMapper software v3.7 (ABI). Fragment sizes were assigned by comparison to a sequence-verified fragment ladder by two independent readers. CAG repeat number varied between 19 and 29 repeats in this sample (M = 22, SD: 2.7, which is consistent with allele distributions reported in other studies of European American men (Edwards et al., 1992; Tut et al., 1997; Platz et al., 2000) ).
Salivary testosterone
Measurement of salivary testosterone provides an index of the free (i.e., unbound, or biologically available) portion of testosterone in circulation (Arregger et al., 2007) . Due to diurnal variation in testosterone levels, saliva was collected in the laboratory between 1000 and 1100 h. Unstimulated saliva was deposited by straw (passive drool) into a collection vial (1.8 mL cryo-vial, Salimetrics, Inc., State College, PA) and stored at À808 C until the time of assay. Salivary testosterone was determined using a colorimetric enzyme immunoassay kit (Salimetrics, Inc., State College, PA), run according to manufacturer's directions. Standards and samples were bound to rabbit antibody to human testosterone, coated on microtiter plates. Plates were incubated with horseradish peroxidase and tetramethylbenzidine substrate, followed by treatment with 2 M sulfuric acid. The intensity of the resultant color was measured using a microplate reader (Molecular Devises Corporation, Sunnyvale, CA) at 450 nm. To enhance reliability of measurement, testosterone assays were performed in duplicate, with the mean of the two determinations used in statistical analyses. The lower limit of detection of this assay is 14.6 AE 3 pg/mL, and accuracy of determination was found to average AE5.8% of predicted values for samples of known concentration across varying levels of testosterone (40-430 pg/mL). The mean intra-and inter-assay CVs are 2.5% and 5.6%, respectively. Testosterone determinations by this assay also correlate highly (r = .96) with serum free testosterone concentrations (Salimetric Inc., State College, PA), which is in accord with prior literature validating the salivary measurement of this hormone (Vittek et al., 1985; Navarro et al., 1986; Arregger et al., 2007) .
Amygdala reactivity protocol
The experimental fMRI paradigm consisted of four blocks of a face processing task interleaved with five blocks of a sensorimotor control task (Brown et al., 2005; Brown et al., 2006; Neumann et al., 2006; Manuck et al., 2007) . Subject performance (accuracy and reaction time) was monitored during all scans. During the face processing task, subjects viewed a trio of faces (expressing either anger or fear) and selected one of two faces (bottom) identical to a target face (top). Within this context, we interpret the amygdala activation elicited by our task as being threat-related. Each face processing block consisted of six images, balanced for sex and target affect (angry or fearful), all derived from a standard set of pictures of facial affect (Ekman and Friesen, 1976) . During the sensorimotor control blocks, subjects viewed a trio of simple geometric shapes (circles, vertical and horizontal ellipses) and selected one of two shapes (bottom) identical to a target shape (top). Each sensorimotor control block consisted of six different shape trios. All blocks were preceded by a brief instruction (''Match Faces'' or ''Match Shapes'') lasting 2 s. In the face processing blocks, each of the six face trios was presented for 4 s with a variable interstimulus interval of 2-6 s (mean = 4 s) for a total block length of 48 s. In the sensorimotor control blocks, each of the six shape trios was presented for 4 s with a fixed inter-stimulus interval of 2 s for a total block length of 36 s. Total task time was 390 s. As we were not interested in neural networks associated with face-specific processing per se, but instead in eliciting a maximal amygdala response that we could then interrogate for genetic influence, we chose not to use neutral faces as control stimuli. Additionally, neutral faces can be experienced as affectively laden or ambiguous and thus variably engage the amygdala Wright et al., 2003) .
BOLD fMRI acquisition parameters
Each subject was scanned with a Siemens (Berlin, Germany) 3T MAGNETOM Allegra scanner developed specifically for advanced brain imaging applications and characterized by increased T2* sensitivity and fast gradients (slew rate = 400 T/m/s), which minimized echo-spacing and thereby reduce EPI (echo planar imaging) geometric distortions and improve image quality. BOLD functional images were acquired with a gradient echo EPI sequence (TR/ TE = 2000/25 ms, FOOV = 20 cm, matrix = 64 Â 64), which covered 34 interleaved axial slices (3 mm slice thickness) aligned with the AC-PC plane and encompassing the entire cerebrum and the majority of the cerebellum. All scanning parameters were selected to optimize the quality of the BOLD signal while maintaining a sufficient number of slices to acquire whole-brain data. Before the collection of fMRI data for each participant, a reference EPI scan was acquired and visually inspected for artifacts (e.g., ghosting), as well as for good signal across the entire volume of acquisition, including the amygdala and ventral striatum. Additionally, an autoshimming procedure was conducted before the acqui-sition of BOLD data in each subject to minimize field inhomogeneities. The fMRI data of all 41 participants included in the present analyses were free of the foregoing problems.
Image processing and analysis
Whole-brain image analysis was completed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm). For each scan, images for each participant were realigned to the first volume in the time series to correct for head motion. Data sets were then selected for their high quality (scan stability), as demonstrated by small (<2 mm translational and <28 rotational) motion correction. Based on these criteria, data from all participants were included in subsequent analyses. Realigned images were spatially normalized into a standard stereotactic space (Montreal Neurological Institute template) using a 12-parameter affine model. These normalized images were then smoothed to minimize noise and residual difference in gyral anatomy with a Gaussian filter, set at 6 mm full-width at half-maximum. Voxel-wise signal intensities were ratio normalized to the whole-brain global mean.
Following preprocessing, linear contrasts employing canonical hemodynamic response functions were used to estimate condition-specific (i.e., faces > shapes) BOLD activation for each individual and scan. These individual contrast images (i.e., weighted sum of the beta images) were then used in second-level random effects models that account for both scan-to-scan and participant-to-participant variability to determine mean condition-specific regional responses using one-sample t-tests. All analyses were thresholded at a voxel level of p < 0.05, FDR corrected for multiple comparisons across the entire brain volume, and an extent threshold of at least 10 contiguous voxels.
Regions of interest
BOLD contrast estimates were extracted from functional clusters exhibiting a main effect of task using the above threshold within anatomically defined regions of interest (ROIs). We constructed separate ROIs containing the amygdala's basolateral complex (ventral amygdala) and central nuclei (dorsal amygdala) using Marsbar (v 0.41). The ventral amygdala ROI was anchored by MNI coordinates x = AE21, y = À3, z = À23, with widths of 14 mm, 6 mm, and 6 mm along the x-, y-, and z-axes, respectively. The total volume of the ventral amygdala was 1024 mm 3 in each hemisphere. The dorsal amygdala ROI was anchored by the MNI coordinates x = AE21, y = À4, z = À13, with widths of 14 mm, 8 mm and 10 mm along the x-, y-, and z-axes, respectively. The total volume of the dorsal amygdala was 1920 mm 3 in each hemisphere. The reported widths reflect the total for the ROI along each axis and are centered on the MNI coordinate anchoring each axis (i.e., with x = 21 and width = 14 mm, the range of coordinates included along that axis of the ROI are from x = 14 to x = 28). We defined a larger volume for the dorsal amygdala to encompass the extended projection of the central nucleus to the substantia inominata and nucleus basalis of Meynert, cholinergic projection fields providing glutamatergic regulation of the prefrontal cortex (P.J. Whalen, personal communication). The posterior extent of both the dorsal and ventral amygdala was carefully defined to exclude the hippocampus. We also constructed a wholeamygdala ROI using the Talairach Daemon option of the WFU PickAtlas Tool, version 1.04 (Wake Forest University School of Medicine, Winston-Salem, NC) with an additional 1Â dilation to encompass the dorsal extended amygdala. To examine the specificity of any observed relationships between salivary testosterone, the AR CAG repeat polymorphism and amygdala activation within these anatomically defined regions of interest, we also extracted BOLD contrast estimates from task-related (i.e., functional) activation clusters in the right posterior fusiform gyrus (BA37; x = 42, y = À46; z = À20), orbitofrontal cortex (BA11; x = 2, y = 58, z = À14), and ventrolateral prefrontal cortex (BA47; right x = 32, y = 34, z = À18, left x = À24, y = 10, z = À20), using a sphere of 5 mm radius centered on the MNI coordinates of the maximally activated voxel within each activation cluster.
Statistical analysis
Primary dependent variables were the standardized BOLD contrast estimates extracted bilaterally from clusters of maximal activation in the ventral and dorsal amygdala. Associations of salivary testosterone and CAG(n) with indices of amygdala reactivity were examined by Pearson correlation. Because testosterone was found to correlate inversely with CAG repeat number in preliminary analyses, partial correlations were also computed to adjust for covariation among predictor variables. Finally, parallel analyses were conducted on an exploratory basis to examine whether taskrelated activation of posterior fusiform gyrus (BA37), orbitofrontal cortex (BA11), or ventrolateral prefrontal cortex (BA47) was predicted by testosterone or CAG repeat variation. Statistical analyses were performed in SPSS Version 15.0, and tests of significance were conducted at conventional alpha ( p < 0.05, two-tailed).
Results
As shown in Fig. 1 , task-related activation was significant bilaterally within the anatomically defined ventral and dorsal amygdala ROIs. Bivariate correlations, listed in Table 1, show that participant age correlated inversely with level of salivary testosterone in this sample (r = À0.39, p = 0.012) and that testosterone correlated positively with number of CAG repeats (r = 0.45, p = 0.003). Neither testosterone nor CAG repeat length alone predicted relative activation in the ventral amygdala, but controlling for correlated variation in testosterone (by partial correlation) revealed a significant inverse association of CAG(n) with ventral amygdala reactivity in both the right and left hemisphere (r p 's = À0.34, p = 0.033 and À0.32, p = 0.045, respectively) (Fig. 2) . Alternatively, controlling for CAG repeats in partial correlation showed testosterone to co-vary positively with right ventral amygdala reactivity at a trend level of significance (r p = 0.29, p = 0.070).
In contrast, testosterone level correlated bilaterally with activation extent in the dorsal amygdala (r = 0.40, p = 0.011 and r = 0.32, p = 0.041) (Table 1; Fig. 3 ). These associations were minimally affected by adjustment for number of CAG repeats, and CAG(n) was itself unrelated to magnitude of response in the dorsal amygdala. The correlation of salivary testosterone with dorsal amygdala reactivity here partly reflects the sample's age-related decline in testosterone, as partial correlation controlling for age slightly attenuates these relationships (right: r p = 0.33, p = 0.040; left: r p = 0.26, p = 0.106). Finally, contrast estimates extracted from whole-amygdala ROIs also showed reactivity in both the right and left hemisphere predicted by testosterone concentration (x = 20, y = À3, z = À12; 482 voxels; z = 7.08, p < 0.0005; r = 0.40, p = 0.010, and x = À20, y = À6, z = À13; 432 voxels; z = 6.88, p < 0.0005; r = 0.34, p = 0.034), but not by CAG repeat length variation (r's = 0.06, n.s.). That testosterone was similarly associated with activation extent in dorsal and whole-amygdala ROIs likely reflects a greater extent of overlapping voxels between these regions, compared to that between the ventral and whole-amygdala ROI. This is due to the fact that the dorsal amygdala ROI is larger than the ventral to accommodate anatomically and functionally linked regions such as the sub-lenticular extended amygdala and nucleus basalis of Meynert.
Exploratory analyses were conducted on BOLD contrast estimates extracted for functional clusters showing a main effect of task in the right posterior fusiform gyrus (BA37; 47 voxels, z = 7.81, p < 0.001), orbitofrontal cortex (BA11; 39 voxels, z = 4.69, p < 0.001), and ventrolateral prefrontal cortex (BA47; right hemisphere: 48 voxels, z = 5.83, p < 0.001; left hemisphere: 45 voxels, t = 6.21, p < 0.001). Testosterone was found to correlate significantly with taskelicited activation in orbitofrontal cortex (BA11) (r = 0.45, p = 0.003), and this association remained significant on adjustment for both CAG(n) (r p = 0.40, p = 0.010) and age (r p = 0.36, p = 0.02). There was no relationship of activation in orbitofrontal cortex with number of CAG repeats, and neither CAG(n) nor testosterone predicted activation in ventrolateral prefrontal cortex (BA47) or posterior fusiform gyrus (BA37). It was noted earlier that saliva was collected for determination of testosterone level before enrollment in the imaging protocol, as a component of subjects' participation in the parent (AHAB) study from which the present sample was recruited. The interval between saliva collection and fMRI assessment averaged 5.4 AE 2.1 months. There was no correlation between testosterone concentration and the interval between study sessions (r = 0.02), and adjusting for this interval in correlations between testosterone level and amygdala and orbitofrontal activation yielded partial coefficients identical to the bivariate correlations reported above and in Table 1 .
Discussion
Analysis of the present data revealed several significant associations. First, salivary testosterone correlated negatively with participant age and positively with CAG length variation in the AR gene. Second, when adjusted for correlated variation in testosterone, CAG repeat number varied inversely with reactivity of the ventral amygdala to facial expressions of negative affect. And third, individual differ- ences in salivary testosterone predicted activation of the dorsal amygdala, but independently of AR genotype.
The first of these associations, the negative correlation of testosterone with age, is well-documented in both crosssectional and longitudinal studies and for both serum and salivary measures of testosterone (e.g., Gray et al., 1991; Morley et al., 1997; Zmuda et al., 1997; Ferrini and BarrettConnor, 1998; Leifke et al., 2000; Harman et al., 2001; Ellison et al., 2002; Uchida et al., 2006; Chu et al., 2008) . In men, testosterone declines linearly across the adult life course, with an average drop of about 1-2% per year of age. The cross-sectional rate of decline in salivary testosterone over the 20-year range of ages represented here was 1.8% per year, which is consistent with the steeper decline typically seen with measures of free testosterone, relative to total testosterone--an effect that may be attributable, in part, to an age-related rise in sex hormone binding globulin (SHBG) (Gray et al., 1991; Morley et al., 1997; Ferrini and BarrettConnor, 1998; Leifke et al., 2000; Harman et al., 2001; Chu et al., 2008) .
That higher salivary testosterone was likewise associated with a greater number of AR CAG repeats corroborates findings reported by other investigators (Mifsud et al., 2001; Walsh et al., 2005; Crabbe et al., 2007) . AR-mediated transactivation of androgen-responsive genes may be diminished by altered affinity of co-regulatory proteins to ARs that encode a longer polyglutamine stretch, yielding relative androgen insensitivity in ARs with a larger number of CAG repeats (Irvine et al., 2000; Zitzmann and Nieschlag, 2003) . Because circulating testosterone is regulated via negative feedback through the hypothalamic-pituitary-gonadal axis, diminished androgen sensitivity at higher CAG repeat lengths may reduce feedback suppression of luteinizing hormone (LH). LH would then be maintained at higher levels, in turn promoting higher testosterone production . Consistent with this hypothesis, Crabbe et al. (2007) report that LH covaried positively with free testosterone in two populations of eugonadal men, an association the authors note would not be predicted if differences in testosterone resulted instead largely from variation in testicular Leydig cell secretory capacity or from differential rates of testosterone catabolism. Nonetheless, basal levels of testosterone have not been found to correlate with AR CAG repeat length in all studies and reasons for these discrepancies remain unclear (Krithivas et al., 1999; Van Pottelbergh et al., 2001; Harkonen et al., 2003; Canale et al., 2005) .
Whatever the mechanism or its generality, a higher testosterone level among men with a greater number of CAG repeats may obscure (suppress) effects of CAG length variation (and its putative inverse association with androgen sensitivity) on AR-dependent phenotypes. Here, for instance, we hypothesized a negative relationship between CAG repeat number and the magnitude of subjects' amygdala reactivity to threat-related facial expressions of emotion. Bivariate correlations did not support the predicted association, although coefficients were in the expected (inverse) direction with regard to task-induced reactivity in the ventral (but not dorsal) amygdala. When adjusted for correlated variation in testosterone, however, these associations were significant in both right and left hemisphere (Fig. 2) . And conversely, adjusting for number of CAG repeats revealed a marginally significant association of testosterone level with right ventral amygdala reactivity. These results suggest that while a functional polymorphism of the AR gene may modulate certain androgen-sensitive neural phenotypes, these associations in part may be mitigated by counter-regulatory effects of the same AR gene variation on testosterone production. Here, for instance, relative AR insensitivity at high CAG repeat numbers may be offset by heightened availability of the endogenous ligand.
Two aspects of our findings in the dorsal amygdala are noteworthy. First, higher levels of salivary testosterone were associated bilaterally with heightened amygdala reactivity. These observations emerged also on analysis of whole-amygdala ROIs, thus extending observations reported recently on young adult males (Derntl et al., 2009 ) to mid-life men studied under a similar protocol. Second, the distribution of CAG repeats among study participants was unrelated to reactivity in the dorsal amygdala, either directly or when adjusted for variation in testosterone concentration. Regarding the latter observation, it is at least conceivable that testosterone affects dorsal amygdala activity, in part, through increasingly recognized non-genomic actions of androgens (Foradori et al., 2008) . These include rapid stimulation of second messenger cascades, as mediated by the AR and SHBG receptor, and modulation of intracellular calcium levels through an androgen-binding membrane receptor (Heinlein and Chang, 2002) . However, little is yet known about the relative roles of non-genomic and classical ARmediated androgen effects or their potential interactions within discrete regions of the brain.
It is also possible that testosterone affects stimulusdependent activation of the dorsal amygdala indirectly. For instance, neurons expressing argenine vasopressin (AVP) in this region -which corresponds to the central nucleus, or principal ''output'' center, of the amygdalaactivate emotion-related physiological responses peripherally via efferent projections to structures governing autonomic activity (e.g., hypothalamus) (Huber et al., 2005) . Testosterone up-regulates AVP expression in the amygdala and, at least in rodents, appears to do so partly through activation of estrogen receptors on AVP neurons (Pak et al., 2007) . This is made possible by the aromatized conversion of testosterone's metabolite, dihydrotestosterone (DHT), to estradiol (Plumari et al., 2002) . Both estrogen receptors and aromatase are prevalent in the primate amygdala (Osterlund et al., 2000; , and deletion of the aromatase enzyme in a mouse ''knock out'' model reduces (but does not fully suppress) AVP mRNA expression in the medial amygdala (Plumari et al., 2002) . Thus, activation of estrogen receptors by the aromatized metabolite of testosterone may augment amygdala reactivity through transcriptional control of AVP expression. Interestingly, though, the natural increase in circulating estrogen experienced in mid-menstrual cycle in premenopausal women has been associated with reduced (not increased) responses in dorsal amygdala to facial expressions of negative affect (Goldstein et al., 2005) and reward-related stimuli (Dreher et al., 2007) . Although speculative, the rapid rise in circulating estrogen at mid-cycle might diminish amygdala reactivity in women through preferential engagement of the sexually dimorphic oxytocin system (Carter, 2007) . Oxytocin exerts an inhibitory influence on AVP expression in the central amygdala, and the synthesis of oxytocin is mediated by estrogen and estrogen receptors (Huber et al., 2005) . Moreover, acute administration of oxytocin has been shown to attenuate reactivity of the amygdala to facial expressions of fear and anger (Kirsch et al., 2005) .
As noted previously, the amygdala plays a sentinel role in emotional processing, harnessing attentional resources and registering the behavioral salience of stimuli that, in the case of faces expressing negative emotion, might convey signals of deference, threat, challenge, or competitive opportunity. The basolateral amygdala (corresponding to the ventral amygdala ROI defined in the present study) effects convergent processing of multimodal sensory inputs received via thalamic and cortical relays, while the central nucleus of the amygdala (dorsal amygdala ROI here) initiates autonomic, neuroendocrine, and behavioral responses through efferent ''downstream'' (e.g., hypothalamic, brainstem) projections and also provides input to cortical regions implicated in higher order processing and emotional regulation (Davis and Whalen, 2001 ). Because people with high levels of endogenous testosterone exhibit an attentional bias toward facial expressions of anger (van Honk et al., 2001; Wirth and Schultheiss, 2007) and because administration of exogenous testosterone enhances amygdala activation and autonomic reactions to faces displaying negative affect (van Honk et al., 1999; Hermans et al., 2008; van Wingen et al., 2008) , we hypothesized that individual differences in salivary testosterone or genetic modulation of androgen sensitivity would moderate similarly elicited amygdala reactivity in men. Our findings are largely consistent with this hypothesis, in as much as: (a) higher testosterone predicted greater activation of the dorsal amygdala; and (b) with testosterone held constant, CAG length variation was associated inversely with ventral amygdala activation. Finally, our findings appear to be largely, but not entirely, specific to amygdala reactivity. Thus, concomitant activation of orbitofrontal cortex (BA11), which is reciprocally interconnected with the amygdala and functions synchronously with the amygdala to evaluate the relative salience (amygdala) and valence (orbitofrontal cortex) of environmental stimuli (e.g. Small et al., 2003 ), correlated positively with testosterone level, as it did also in the recent study of young adult men reported by Derntl et al. (2009) . Yet neither testosterone nor CAG repeat number predicted activation in posterior fusiform gyrus (BA37) or ventrolateral PFC (BA47), the functions of which are more distal (and typically subsequent) to the response of the amygdala (Hariri et al., 2000; Vuilleumier and Pourtois, 2007) .
One limitation of this study is its reliance on a single measure of salivary testosterone and assessment of subjects' amygdala reactivity to threat-related facial expressions on a separate and single occasion. With respect to testosterone, longitudinal studies show a robust stability of rank ordered relationships among individuals (Dabbs, 1990; Vermeulen and Verdonck, 1992; Granger et al., 2004) . A single measurement among men, for instance, has been found to correlate highly (r = 0.845) with the average of seven measurements obtained over a year's interval (Vermeulen and Verdonck, 1992) . Measurements of salivary testosterone recorded at two points in time also co-vary appreciably, at least in males, with re-test correlations as high at 0.91 across 2 days and 0.79 over a year (Granger et al., 2004) . At present, it is unclear whether neural responses to behavioral stimuli (and associated interindividual variability) are comparably reproducible over time, although the few studies that have employed similar fMRI protocols and assessed amygdala reactivity on multiple occasions yield moderate re-test correlations (Johnstone et al., 2005; Manuck et al., 2007) . Nonetheless, reliability of measurement is constrained in any investigation relying on single assessments, which necessarily also limits the magnitude of association detectable among variables of interest (Manuck et al., 1989) . Equally though, when significant relationships are observed between variables measured only once -such as those reported here among salivary testosterone and amygdala reactivity -findings may conceivably underestimate, but not inflate, the magnitude of true associations. Finally, because we limited our study to Caucasian men of European ancestry in order to mitigate confounding of genetic associations by population substructure, it remains unclear how well these findings may generalize to more diverse study samples, to populations that differ normatively in testosterone production (e.g., young adults, elderly men) or in distribution of AR CAG allele frequencies (Edwards et al., 1992; Platz et al., 2000; van Houten and Gooren, 2000; Zitzmann and Nieschlag, 2003) , or to women.
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